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Introduction
The rise of portable electronic devices such as mobile phones, digital cameras and portable computers brings to the fore the crucial issue of power supplies. Down-scaled fuel cells can be applied as a longlasting, low-cost and eco-friendly miniature energy source as the microelectronic industry develops.
The micro fuel cell (MFC) approach is significantly influenced by two technology choices: the nature of the fuel to be used at the anode (i.e. hydrogen or an alcohol), and the fuel cell architecture. Direct methanol micro fuel cells (DM-MFC) are more attractive candidates for portable electronic devices, military radio systems and implantable medical tools. They offer several advantages such as light weight, cheap liquid fuel, easy handling and fast recharging. DM-MFCs can also be operated at ambient temperature and provide almost 10-times higher power density than existing Li-ion rechargeable batteries [1] [2] [3] [4] [5] [6] .
The catalyst layer is also an important factor, which considerably influences the fuel cell performance.
In the case of methanol oxidation, the state-of-the-art anode catalyst is bimetallic platinum-ruthenium on a carbon support, commonly carbon black. However, catalysts are susceptible to degradation under fuel cell conditions because of carbon corrosion, Pt aggregation and Ru dissolution [7] . Therefore, with the aim of enhancing activity and stability of direct methanol fuel cell (DMFC) electrodes, different carbon supports have been investigated such as single-walled (SW-) and multiwalled (MW-) carbon nanotubes (CNTs), graphene, carbon nanofibers (CNFs), fullerenes, carbon nanohorns and mesoporous carbon [8] [9] [10] [11] [12] . Specifically CNTs [13] [14] [15] and CNFs [16] [17] [18] have been studied as catalysts supports because of their outstanding conductivity, thermal and mechanical stability [19] .
Their performance has also been compared with each other [20] [21] [22] .
Liu et al. [13] studied SWCNTs and Vulcan XC-72 supported Pt and PtRu in a DMFC and observed that the SWCNTs-supported catalysts performed better. Similarly, Dillert et al [14] found improved performance with oxidized SWCNTs as support material. On the other hand, Cui et al [15] showed that PtRu supported on MWCNTs provide 33% better power density than a commercial catalyst. Guo et al. [16] studied herringbone-CNFs in oxidized and reduced form; both outperforming Vulcan supported catalyst by 10% in maximum power density. Tsuji et al [17] deposited PtRu on three different types of CNFs (platelet, herringbone and tubular). They concluded that the electrocatalytic activity of CNFs was 70-200% higher than that of a commercial carbon black support. Kang et al. [18] studied the long-term stability of PtRu-CNFs in a DMFC for 2000 h and found that the voltage decay rate was about 60% of the commercial Vulcan catalyst. In addition, metal dissolution rate was 40-70% smaller, although the DMFC performance was almost similar.
Direct comparison between different carbon supports resulted in conflicting reports. Steigerwalt et al. [20] studied various supports and reported that only herringbone-CNFs could improve DMFC performance compared to unsupported PtRu catalyst. PtRu-SWCNTs and PtRu-MWCNTs performed better than other types of CNFs but worse than unsupported PtRu. Girishkumar et al [21] studied SWCNTs from several manufacturers, MWCNTs, CNFs and carbon black as support materials. All the alternative supports outperformed carbon black both in a 3-electrode half-cell and in a DMFC in the order of SWCNTs > MWCNTs > CNFs > carbon black. However, they found large differences in performance between various SWCNTs and indicated that catalytic properties are not only dependent on the general type of carbon support but also on the exact properties of the individual carbon material.
MFC technology is still relatively young compared to the more established PEMFC. To the best of our knowledge, there are not many published reports on the durability of Si-MFCs and those available only projected the life-time of standard Vulcan based catalysts. Jiang et al. [22] studied short-term performance of their direct methanol micro fuel cell with a commercial E-Tek catalyst (60 wt% PtRu-Vulcan) only for 2 h. Since the first report on miniature methanol fuel cell with silicon substrates [23] , most of the MFC development was done using microfabrication technologies, and the MFC performance was investigated only with the standard carbon black based catalyst [3, 24] .
The objective of this work is to enhance the performance of our Si-MFCs with catalyst materials other than the standard supported Vulcan catalyst in order to evaluate the influence of electrode structure and fuel cell architecture on the activity and long-term durability. Electrode material evaluation at the micro scale requires less amount of catalyst material than a macro scale fuel cell. Moreover, preparation of membrane electrode assembly (MEA) is also less time consuming due to the smaller area of the cell. Hence, we propose that the down-scaled MFC could be used as a fast and material sparing tool for catalyst performance assessment, prior to applying large amounts of novel materials in large scale fuel cells. Previously, we studied methanol oxidation using PtRu-catalysts supported on FWCNTs, GNFs and Vulcan, both in a half-cell and a DMFC, the latter with a cell area of 7.29 cm 2 [25] . It was concluded that 6-day DMFC durability tests were different from one hour half-cell stability experiments. It was found that half-cell measurements cannot be necessarily comparable to fuel cell results because of many parameters affecting fuel cell performance. In this study, we have examined several catalyst materials in a different type of fuel cell and under different operation conditions. Specially, Si-MFC with the cell area of 1 cm 2 was prepared from highly boron-doped silicon wafer and silicon nanograss was fabricated on top of the flow fields as integrated diffusion layer (DL). PtRu nanoparticles were deposited on FWCNTs, GNFs and the Vulcan supports by a polyol method and characterized by different techniques. Performance and durability of catalysts in Si-MFCs were investigated by chronoamperometric (CA) measurements for three days (72 h).
Experimental

Carbon supports and catalysis synthesis
FWCNTs were synthesized via decomposition of CH4 diluted with H2 at 950 °C on CoMo-MgO catalyst [26] . GNFs were kindly supplied by Showa Denko (Japan). Vulcan XC-72, powdered carbon black was purchased from Cabot Corporation. In order to create active sites to anchor metal particles, oxidative surface functionalization was performed in a refluxing condition with 2 M HNO3/1 M H2SO4 (1:1) at 120 °C both on GNFs for 6 h and FWCNTs for 4h. PtRu catalysts (total loading of 30 wt%, Pt:Ru 1:1 atomic ratio) were deposited on the carbon supports by a polyol method. The required amount of metal precursors, K2PtCl4 and RuCl3, were mixed with ethylene glycol and water. The metal suspension was added to the carbon support and 0.4M NaOH/0.04M NaBH4 solution was added dropwise under vigorous agitation. The resulting suspension kept in ultrasound bath for 2 h at 60 °C.
Lastly, the suspension was filtered, rinsed and dried in vacuum oven over night.
Physical characterization
Scanning electron microscopy (SEM) was carried out with a field emission JEOL microscope JSM-7500FA equipped with an energy dispersive X-rays spectrometer (EDXS). Transmission Electron microscopy (TEM) was performed using a Tecnai 12 BioTwin with LaB6 gun at 120 kV. High resolution TEM (HR-TEM) was done with a double Cs-corrected JEOL (JEM-2200FS) combined with a 200 kV field emission gun. X-ray diffraction (XRD) spectra were obtained by a Bruker D8 advanced X-ray diffractometer using Cu-Kα radiation and a Lynx Eye fast detector with scan conditions of 2 s/0.03°. Brunauer-Emmett-Teller (BET) surface area measurements were done by N2 adsorption-desorption isotherms at 77 K with a FlowSorb 2300II instrument by Micromeritics.
Raman analysis was performed using a Horiba LabRAM HR spectrometer equipped with CCD camera and a 633 nm laser beam.
Microfabrication of the silicon chips
The silicon chips were microfabricated from a highly boron-doped silicon wafer, using a process as shown in Fig. 1 . The wafer was thermally oxidized at 1100 °C to form a 500 nm thick layer of SiO2 and then patterned with photolithography and etching in a HF solution (a) to determine the silicon nanograss area. This was followed by a second photolithography (b) and a reactive ion etching (RIE) to create the flow field (c). A 200 nm thick layer of aluminum was sputtered on the back of the wafer, and patterned with photolithography to create a mask for a through-wafer deep RIE etching (d), opening the inlet holes in the chips. Finally, silicon nanograss was formed over the flow filed by RIE in passivating conditions, and 40 nm of chromium was sputtered on top to improve conductivity and slow down silicon oxidation (e). Silicon nanograss is a quasi-random array of needle-like silicon structures, about 2 µm tall and 200-300 nm wide at the base (shown in the inset of Fig. 1 ). It is formed when silicon is etched in reactive plasma under passivating conditions (high ratio of O2 to SF6 gas flow at cryogenic temperatures) More details of the process are found in [27] . 
Si-MFC measurements
Nafion® 115 was used as the solid electrolyte membrane in the fuel cell and it was cleaned by boiling sequentially in 5 wt% H2O2, 0.5 M H2SO4 and deionized water. The catalyst ink was prepared by mixing the catalyst, 60 wt% Pt on carbon black (Alfa Aesar) for the cathode and the synthesized PtRu on various supports for the anode, with 5 wt% Nafion dispersion. Isopropanol and water were added to control the viscosity of the ink. The components were mixed by a magnetic stirrer for several hours with additional 30 minutes of sonication. The resulting slurry was painted on the Nafion® membrane by an air brush to prepare MEAs. PtRu loadings for each anode were as follows (in mg cm -2 ): 0.99 (Vulcan), 0.87 (GNFs) and 0.85 (FWCNTs). Cathode Pt loading was approximately 2 mg cm -2 in each MEA to ensure that it does not limit the performance. Nafion® content of the anode and the cathode were 30 wt% and 20 wt%, respectively. Finally, MEAs were hot pressed at 130 °C with 50 bar pressure for 2 minutes. Fig. 2a shows photograph of a silicon cell with the gas inlet holes that are located diagonally. Si-MFC was constructed by sandwiching MEA between the two silicon chips ( Fig. 2b ). CA stability measurements were carried out at 0.2 V for 72 h, followed by another polarization curve measurement. Fuel cell tests were analysed with a Metrohm Autolab PGSTAT100 potentiostat.
Contact angle measurements on MEAs were made using a KSV Instruments CAM200 optical tensiometer. To eliminate distorting effect of water on dry Nafion [28] and to ensure a completely wetted catalyst layer, MEAs were first boiled in DI water before the contact angle measurements.
Cooled MEAs were removed from water, patted dried on the surface and a static contact angle measurement was made immediately. The contact angle was repeated at least at two locations on MEAs to obtain an average value.
Results and Discussions
Characterization of carbon supports
Morphology of carbon support materials was observed by TEM ( Fig. 3 ). Brunauer-Emmett-Teller (BET) surface area is also reported in Table 1 . Vulcan (Fig. 3a ) has a turbostratic structure with a particle size of 30-50 nm and 154 m 2 g -1 BET surface area. GNFs (Fig. 3b ) with average diameter of 150 nm and 10 µm length have very low surface area (17 m 2 g -1 ) whereas FWCNTs (Fig. 3c ) with 2-5 walls up to 6 nm diameter and 1µm length, display an extraordinary 449 m 2 g -1 surface area. Raman spectra of the catalyst supports are shown in Fig. 4 . D-band around 1350 cm -1 is the characteristic mode for defective structures, and G-band around 1580 cm -1 corresponds to graphitic layers [29] . The intensity ratio of D-to G-band (ID/IG) for GNFs (0.37) and FWNTs (0.43) shows that both have a highly ordered structure compared to Vulcan (1.2). Pristine GNFs have been subject to a high temperature annealing process (~ 2800 °C), resulting in a high degree of graphitization and very low D-to G-band ratio. The peak shoulder on G-band at 1620 cm -1 (D´-band) occurred from the vacuum annealing at high temperature [30] . A little higher ID/IG for FWCNTs together with the broader G-band indicates that nanotubes are in different stages of graphitization. Therefore, in order
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BET area of pristine carbon support (m 2 /g) to produce enough active sites to anchor nanoparticles, longer oxidation treatment was carried out for GNFs than for FWCNTs. Fig. 4 . Raman spectra of pristine Vulcan, GNFs and FWNTs.
Characterization of PtRu-catalyst powders
The average metal loading and the Pt:Ru ratios were determined by EDXS analysis (Table 1) .
A similar catalyst loading was obtained for the three samples even though the carbon supports were different in surface area, morphology and graphitic structure. However, a slight decreasing trend with BET surface area of the carbon supports is observed.
Pore volume distributions of PtRu catalysts on Vulcan and FWCNTs are shown in Fig. 5 . For PtRu-Vulcan, total pore volume is 0.31 ml g -1 with a narrow pore volume distribution centered around 10-20 nm. However, a broader pore size distribution was obtained for PtRu-FWCNTs with a mean size of 4-5 nm and 0.64 ml g -1 total pore volume. Unfortunately, pore volume distribution of PtRu-GNFs was not obtained even after several trials probably due to very low BET area of GNF support. For adsorption whereas for MWCNTs (200-400 m 2 g -1 ) a mesoporous structure is dominantly obtained [19] . Hence, FWCNTs (449 m 2 g -1 ) in this study show an intermediate feature between microporous (SWCNTs) and mesoporous (MWCNTs) structures. PtRu-GNFs (13.1 mW cm -2 ) outperformed PtRu-Vulcan by 274%. However, the low OCV (0.37 V) and maximum power density (3.5 mW cm -2 ) for PtRu-Vulcan are in the range of previously published data for Si-MF DMFCs, as listed in Table 2 [23, [31] [32] [33] [34] . It is also worthy to mention that PtRu-Vulcan-MEA in this study contains considerably lower metal loading (0.99 mg cm -2 ) than that reported for MEAs with commercial catalysts ( Table 2 ).
Performance and durability of Si-MFCs
All the catalysts showed good performance after a 72-h CA measurement at 0.2 V keeping 78%, 68%
and 91% of their initial maximum power density for PtRu-FWCNTs, PtRu-GNFs and PtRu-Vulcan, respectively ( Fig. 6b ). Fig. 7 shows 72-h long CA measurements at 0.2 V. PtRu-FWCNTs produced the highest initial current density followed by PtRu-GNFs and then PtRu-Vulcan, in agreement with the trend seen in the polarization curves ( Fig. 6a ): PtRu -FWCNTs > PtRu-GNFs > PtRu-Vulcan. There is a decrease in performance over time for both PtRu-GNFs and PtRu-FWCNTs. However the current density after three days is still considerably higher for PtRu-FWCNTs (49 mA cm -2 ) compared to PtRu-GNFs (21 mA cm -2 ) and PtRu-Vulcan (12 mA cm -2 ) by 130% and 300% respectively. PtRu-Vulcan showed the lowest current density but the least instability, which could be partly attributed to our experience in MEA preparation and optimization with this standard catalyst material. half-cell experiments. In that case, PtRu-Vulcan showed the highest current density but more instability compared to PtRu-GNFs and PtRu-FWCNTs. Therefore, it can be concluded that a certain catalyst material may not show the same performance in different fuel cells as the different parameters affecting when the cell architecture is varied. As mentioned before, measurements with Si-MFCs in this study were performed at 30 °C whereas the previous DMFC tests were carried out at 70 °C.
Obviously, temperature has a remarkable impact on the fuel cell performance. Moreover, long-term CA measurements in this work have been carried out at 0.2 V in order to obtain higher currents than in previous test conducted at 0.4 V. Other factors such as catalyst layer structure, nanoparticle size distribution along the support, the diffusion layer and cell architecture play notable roles in fuel cell performance as we discuss in the next sections.
Characterization of the catalyst layers
Cross-sectional SEM micrographs of anode layers before and after 3-day fuel cell tests are illustrated in Fig. 8 . Electrode thickness has been measured by observing the cross-section at different locations of MEA, both at the center and around the edges; to ensure the uniformity of the electrode layer and provide a representative average value of electrode thickness (Table 3) . Apparently, the pore size distribution of catalysts ( Fig. 5) is reflected in the electrode layers. PtRu-FWCNTs layer shows a more compact surface with non-uniform pathways (micro-and meso-size) whereas in PtRu-Vulcan layer evenly-sized pathways can be seen. However, larger macroporous voids are clearly observed in the PtRu-GNFs layer. Despite the large difference in the geometry, structure and properties of the carbon supports, uniform layers with similar thickness were achieved for all the anode catalysts. In addition, no severe changes on the secondary structure of anode layers occurred during the Si-MFC tests, in contrast with our previous work [25] where fresh anode layers had different thickness and a 3-fold increase in thickness was noted for PtRu-Vulcan layer after fuel cell test.
Contact angle measurements on fresh and used anode layers have also been performed. Highly hydrophobic catalyst layers with descending order of PtRu-GNFs > PtRu-FWCNTs > PtRu-Vulcan were observed (Table 3 ). The reason for the slightly higher hydrophobicity of PtRu-GNFs could be highly graphitized walls of GNFs due to annealing at elevated temperatures (lower ID/IG in Raman spectra in Fig. 4 ) together with their elongated geometry that allows the formation of a rough surface with macroscopic gas pockets in the voids (seen in Fig. 8 ). High hydrophobicity can be beneficial for preventing electrode flooding by liquids in catalyst layers and thus facilitating reactant and product transport. Fuel cell testing leads to a slight decrease of the contact angles (by less than 10º) but all MEAs remain highly hydrophobic even after the measurements. XRD analysis was carried out from the anode layers of MEAs to measure catalyst particle size before and after durability tests. Fig. 9 shows typical XRD pattern of PtRu-catalysts of the fresh anode layers.
The diffraction peaks of PtRu alloy crystal faces (111), (200), (220) and (311) are visible at around 39.9°, 46.3°, 67.8 ° and 81.6° respectively, characteristic of a face-centered cubic (fcc) structure with a cell constant of 3.88 Ǻ for all the catalyst layers [35] . The sharp peaks at 25.1°, 44.3°, 64.6° and 77.7° correspond to Nafion membrane as we previously measured [36] . Hexagonal carbon peak C(002) at around 26.3° is dominant but other characteristic peaks, C(100) at around 42 ° and C(101) at 45°, overlap with PtRu diffraction pattern and consequently are not well resolved. The average particle size was calculated from PtRu (111) diffraction peak according to Scherrer formula ( Table   4 ). HR-TEM images and corresponding PtRu size distribution histograms of both fresh and used catalysts are depicted in Fig. 10 . The mean particle size of all catalysts has been obtained by Gaussian fitting on the histograms (Table 4) showing good agreement with XRD data, except for fresh PtRu-Vulcan MEA. It is probably due to partial blocking of nanoparticles by Nafion® which conceals the smaller particles from X-rays. All the catalysts were well-distributed on the fresh carbon supports but with a narrower distribution on FWCNTs. A broader particle size distribution and more particle aggregates can be observed on the GNF support due to a significantly lower BET surface area and the inertness of GNF walls (originated from high temperature annealing) than that of FWCNTs and Vulcan. Despite good particle distribution and proper size for methanol oxidation on the fresh Vulcan, nanoparticle aggregation was observed after the durability test. This is due to the corrosion of Vulcan support [37] as well as Ostwald ripening phenomena [38] , which result in clustering of the neighboring particles and increase of the particle size distribution. For a Vulcan supported Pt catalyst, Frelink [39] and Joo [40] found that methanol electrooxidation improved with the increase of the particle size from 1.2 to 4.5 nm (when normalized with respect to active platinum sites) whereas for particles beyond 4.5 nm the activity remained almost constant. This is another reason why the activity of our PtRu-Vulcan MEA did not change significantly during the 3-days measurement despite nanoparticle coalescence to around 5.5 nm.
Catalyst particles on FWCNTs showed the narrowest size distribution and the smallest average size on the fresh catalyst. The relative number of atoms on the surface is larger for the smaller particles, which results in more electrochemical surface area and electrocatalytic activity. However, the current decrease on PtRu-FWCNTs during 72 h cannot be explained by catalyst aggregation as a narrower particle size distribution and smaller average size was observed on the used catalyst ( Fig. 10f ).
Performance decay could be due to the migration and loss of larger particles from the support to the ionomer which means they became disconnected from the support and did not take part in the electrochemical reaction. Apparently, smaller particles seem to be more strongly attached to the support than larger ones [41] . Therefore, slightly smaller average particle size and distribution was determined for the used PtRu-FWCNTs, both by XRD and HR-TEM (Table 4 ). In the case of PtRu-GNFs, poor nanoparticle anchoring to the highly inert GNF walls resulted in facile particle detachment from the support (Fig.10e) , which can explain the current decrease [42] . We further observed that nanograss tips of DL were partly damaged after the Si-MFC measurements (SEM image not shown). There are two possible phenomena here: one is the mechanical damage of silicon nanograss during fuel cell assembly, the other is corrosion of protective chromium conductive layer. We don't think the latter is significant, and even if it is, it does not lead to silicon shedding.
The former does certainly happen, as the silicon element has been detected by EDXS analysis in electrode layers of the used MEAs (with HR-TEM microscope). The broken silicon debris which was migrated to the catalyst layers may partly clog the pores and hence hinder the efficient mass transport and catalyst access in the MEA.
The type of diffusion layer has also a significant influence on the performance and durability of a fuel cell. In conventional fuel cells, usually a type of carbon cloth or felt is sandwiched between the catalyst layer and the flow field, and its structure controls the catalyst utilization and overall cell performance (in addition to the effect of catalyst material, catalyst layer structure and membrane and flow fields) [43] [44] [45] . Water transport and pore filling in all fuel cell layers play important roles in performance [46] . In this study, our Si-MFCs contained silicon nanograss as integrated DL (shown in Fig. 1 ). While this approach has the advantage of relatively simple fabrication, silicon nanograss length cannot be extended beyond two microns. Such a thin DL may not be enough to provide a uniform flow of reactants to the anode and properly manage water removal from the cathode.
Comparing with performances of MEAs, PtRu-FWCNTs produced more than 4-times higher current density than PtRu-Vulcan; consequently more water was formed on the cathode side. Therefore, a gradual coalescence of water droplets may occur in either catalyst layer, DL or flow channels which can increase mass transfer resistance and reduce the overall cell performance [46, 47] . In another study [48] a layer of carbon cloth/felt on top of nanograss DL in a H2/O2 Si-MFC improved the performance of the cell. Therefore, including an additional layer of mesoporous DL in future studies may not only improve water removal management (at the cathode) and reactant distribution (at the anode) but also prevent migration/loss of catalyst particles from the support, all promoting durability of Si-MFCs.
Conclusions
Silicon micro fuel cells (Si-MFCs) were fabricated from highly boron-doped silicon wafer with integrated Si nanograss diffusion layer (DL). Long-term performance of PtRu catalysts on different carbon supports (GNFs, FWCNTs and Vulcan) was evaluated in direct methanol Si-MFCs at 30 °C for 3 days. PtRu-FWNTs provided the best performance (20.0 mWcm -2 ) followed by PtRu-GNFs (13.1 mWcm -2 ) and PtRu-Vulcan (3.5 mWcm -2 ). However, current decay on PtRu-GNFs and PtRu-FWCNTs was more pronounced than PtRu-Vulcan during durability tests. Catalyst particle size and distribution (HR-TEM and XRD) before and after long-term durability tests showed that catalyst agglomeration was not the reason for the performance decay in the PtRu-FWCNTs. Silicon nanograss may not work efficiently as DL for a uniform distribution of reactant at the anode and water removal at the cathode, which can explain the more pronounced performance decay especially for the most active catalyst (PtRu-FWCNTs) due to the higher water production at the cathode. In addition, the results from Si-MFC tests (in correlation with half-cell measurements of the same catalysts) prove the reliability of the MFC system as a fast and material screening tool for catalysts testing in fuel cell environment.
